Hearing loss is most commonly caused by the destruction of mechanosensory hair cells in the ear. This condition is usually permanent: Despite the presence of putative hair-cell progenitors in the cochlea, hair cells are not naturally replenished in adult mammals. Unlike those of the mammalian ear, the progenitor cells of nonmammalian vertebrates can regenerate hair cells throughout life. The basis of this difference remains largely unexplored but may lie in molecular dissimilarities that affect how progenitors respond to hair-cell death. To approach this issue, we analyzed gene expression in hair-cell progenitors of the lateral-line system. We developed a transgenic line of zebrafish that expresses a red fluorescent protein in the presumptive hair-cell progenitors known as mantle cells. Fluorescence-activated cell sorting from the skins of transgenic larvae, followed by microarray-based expression analysis, revealed a constellation of transcripts that are specifically enriched in these cells. Gene expression analysis after hair-cell ablation uncovered a cohort of genes that are differentially regulated early in regeneration, suggesting possible roles in the response of progenitors to hair-cell death. These results provide a resource for studying hair-cell regeneration and the biology of sensory progenitor cells.
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alkaline phosphatase | auditory | neuromast | supporting cell B ecause the mammalian auditory epithelium is normally incapable of regeneration, hair-cell death in the inner ear causes irreversible hearing loss. This lack of regenerative capacity is at odds with evidence that multipotent progenitor cells reside in the mammalian cochlea and can produce hair cells under appropriate conditions in vitro (1) (2) (3) (4) . Unlike those cells of the mammalian ear, progenitor cells in nonmammalian vertebrates readily regenerate hair cells throughout life (5, 6) . It has been proposed that this difference reflects greater structural constraints on cells in the sensory epithelia of mammals than on those in other vertebrates (7) (8) (9) . An alternative hypothesis is that nonmammalian progenitor cells retain responsiveness to signs of hair-cell death, such as intercellular signals, that has been lost in mammals. Detailed characterization of progenitor cells from nonmammalian vertebrates may therefore reveal molecular differences that affect regenerative potential, providing clues as to how regeneration could be conferred on the mammalian ear.
Mantle cells constitute a population of hair-cell progenitors in the zebrafish lateral line, a sensory system comprising organs called neuromasts that detect motion in the aquatic environment. Some mantle cells are mitotically active in the steady state, with many more entering S phase shortly after hair-cell ablation (10, 11) . Mantle cells of the most caudal neuromasts react similarly upon tail amputation, entering the cell cycle and contributing to the growth of new neuromasts on the regenerating caudal fin (12) . Mantle cells are also contiguous to interneuromast cells that connect adjacent neuromasts and proliferate to produce neuromasts de novo throughout larval development (13, 14) . The responsiveness of mantle cells to hair-cell death makes them a useful model for identifying genes that control the initiation of regeneration. Only a few molecular markers for these cells have been identified, however, and even fewer have been confirmed as mantle cell-specific (15) (16) (17) .
Although previous transcriptomic screens have sought genes expressed in the lateral line, none has focused on mantle cells (18) (19) (20) . The results of such studies reflect gene expression in several cell types, a complication that might mask gene expression in progenitors. One factor impeding the isolation and characterization of progenitor cells has been the lack of a transgenic line in which these cells are inclusively and specifically labeled, allowing their separation by cell sorting. The only line described to date that expresses a fluorescent protein specifically in mantle cells, Et(krt4:EGFP)sqEt20 (hereafter referred to as Et20), exhibits gaps in expression indicating that some cells remain unlabeled (21, 22) . We have therefore developed a line of transgenic zebrafish that expresses a fluorescent protein in mantle cells more inclusively and have used a transcriptomic approach to reveal genes that are enriched in mantle cells.
Results

Tg(−4.7alpl:mCherry) Transgenic Zebrafish Express a Red Fluorescent
Protein in Mantle Cells. Several studies indicate that the progeny of mantle cells do not directly become hair cells, but instead transit through at least one intermediate phase before their terminal
Significance
Hearing impairment is most frequently caused by the loss of sensory hair cells in the cochlea. One potential means of alleviating hearing loss is to restore these cells, which do not naturally regenerate in mammals. The zebrafish lateral line serves as a useful model for studying hair-cell regeneration because in this system there exist progenitors, mantle cells, from which hair-cell precursors originate. We have produced zebrafish with fluorescently labeled mantle cells, isolated those cells by flow cytometry, and analyzed the transcripts that they express. We have also defined the temporal window during which mantle cells respond to hair-cell death. This approach has identified genes representing unexpected signaling pathways that may contribute to the development of treatments for hearing loss.
Author contributions: A.B.S., T.K., V.C., and A.J.H. designed research; A.B.S., T.K., and V.C. performed research; A.B.S., T.K., and V.C. analyzed data; and A.B.S. and A.J.H. wrote the paper. division and differentiation (10, (22) (23) (24) . The regions of the neuromast in which these immediate hair-cell precursors arise are marked by endogenous alkaline phosphatase activity (24) (25) (26) . Expecting that the control elements of the cognate gene would drive reporter-gene expression in this subset of cells, we identified the gene responsible for this activity, liver/bone/kidney alkaline phosphatase (alpl), and cloned a 4.7-kb portion of its enhancer. However, the Tg(−4.7alpl:mCherry) transgenic larvae (hereafter termed alpl:mCherry) in which this enhancer drives expression of the fluorescent protein mCherry instead display red fluorescence in a pattern suggestive of mantle cells and their associated interneuromast cells, along with weak expression in other tissues including some fin and pigment cells. When the alpl: mCherry transgene is crossed into the Et20 line, mCherry expression in both mantle and interneuromast cells overlaps extensively with the expression of GFP (Fig. 1A) . The unexpected expression pattern might reflect a position effect on the inserted transgene; alternatively, crucial regulatory elements might lie outside the 4.7-kb fragment of the alpl enhancer. Because shared transgene expression makes mantle and interneuromast cells indistinguishable for the purposes of this study, we shall hereafter refer to the combined cell population as mantle cells.
By examining the expression pattern of alpl:mCherry larvae relative to those of previously described reporter lines, we confirmed that the transgene specifically and inclusively labels mantle cells (Fig. 1B) . Crossing to the Tg(−8.0cldnb:lynEGFP) zf106 line, in which all neuromast cells express membrane-tethered GFP (27) , showed that mCherry occurs only in a subset of cells at each neuromast's periphery (Fig. 1C) . alpl:mCherry is entirely excluded from the sensory cells at the center of the neuromast (Fig. 1D) , as demonstrated by combination with the Tg(pou4f3:GAP-GFP) line (hereafter termed pou4f3:GFP) that expresses GFP in hair cells (28) . A closer inspection of doubly transgenic alpl:mCherry;Et20 larvae verified that the alpl:mCherry transgene, like Et20, is expressed in mantle and interneuromast cells (Fig. 1E) . However, we frequently observed one or two peripheral cells per neuromast with mantle cell-like morphology that were labeled with mCherry but not with GFP (Fig. 1E) . Quantification in 14 neuromasts revealed significantly more mCherrypositive mantle cells per neuromast (11.1 ± 2.1) than GFP-positive mantle cells (10.5 ± 2.2; P < 0.03). Assuming that mantle cells can be defined by morphology and position within a neuromast, the alpl:mCherry transgene provides a more inclusive fluorescent label for mantle cells than does Et20.
alpl:mCherry Expression Permits the Isolation of Mantle Cells. We sought to segregate mantle cells by fluorescence-activated cell sorting (FACS) and to compare their transcriptional profile with those of hair cells and nonsensory epithelial cells. Doubly transgenic alpl:mCherry;pou4f3:GFP larvae, in which mantle and hair cells were labeled with mCherry and GFP, respectively, were used for sorting of all three populations from the same dissociated tissue. In preliminary experiments, we observed that particles of variable fluorescent brightness, presumably autofluorescent or weakly expressing cells, made it difficult to distinguish highly fluorescent cells from nonfluorescent (NF) epidermal cells. We found that dissecting the skins, to which neuromasts and interneuromast cells remained attached, and using only this material for dissociation and sorting improved the separation of distinct cell populations ( Fig. 2A and Fig. S1A ).
Sorting cells from the skins of alpl:mCherry;pou4f3:GFP larvae yielded two distinct fluorescent populations: one mCherry-positive and GFP-negative (mCh + ), corresponding to putative mantle cells, and the other GFP-positive and mCherry-negative (GFP + ), corresponding to putative hair cells (Fig. 2B) . To verify that the mCh + cell population collected by FACS included the mCherrypositive cells that we had observed by microscopy in the lateral line, we sorted cells from the skins of alpl:mCherry;Et20 transgenic larvae in which most mantle cells were doubly labeled with GFP and mCherry (Fig. 1E ). We observed a robust rightward shift of mCh + cells along the abscissa, indicating coexpression of GFP and mCherry in a subset of cells that were likely mantle cells (hereafter mCh + /GFP + ) (Fig. 2C) . Despite the material remaining in the mCh + /GFP − quadrant, which likely included fin cells and mCherry-positive, GFP-negative mantle cells (Fig. 1E) from alpl:mCherry;Et20 larvae were also collected and analyzed for comparison (Dataset S1 (Fig. S2) . Although the yield of GFP + cells was lower than the observed number of hair cells in the lateral line would suggest, possibly owing to hair cells' sensitivity to dissociation and sorting, pooling multiple sorts provided sufficient material for microarray analysis.
To confirm that the GFP + cells were hair cells, we analyzed the biological-process ontology of transcripts expressed at least fivefold as highly in these cells as in NF cells (ANOVA-adjusted P ≤ 0.05). Consistent with a hair-cell phenotype, transcripts encoding proteins that regulate ciliary assembly and inner-ear stereocilia were among the most enriched (Table 1) . Gene-ontology categorization of transcripts enriched at least fivefold in mCh + cells accorded with predicted mantle-cell functions. Genes associated with inner-ear morphogenesis and organismal development supported a role for these cells as hair-cell progenitors, and genes in the Wnt pathway accorded with the known role of Wnt signaling in lateral-line development and regeneration (29) (30) (31) (32) (33) (34) . To ascertain whether mCh + mantle cells express a repertoire of genes similar to that of putative progenitor cells from the mammalian cochlea, we sought homologs of genes whose expression is enriched in either of two populations of putative cochlear progenitors. We found that four of 12 homologs enriched in the GFP − /CD271L/CD326 + /CD146L population (3) were significantly enriched in mCh + cells with respect to NF cells: Hes5/ her15.1, ngfr, prox1b, and sox2. Three of the four genes enriched in Lgr5 + hair-cell progenitors (2) were also enriched in mCh + cells: Hes5/her15.1, sox2, and p27/cdkn1ba. Although no zebrafish homolog of Lgr5 has yet been identified, the two analogous genes lgr4 and lgr6 were both enriched in mCh + /GFP + cells (Dataset S1). We used several criteria to select potential mantle cell-specific genes for further study from a list of 2,914 transcripts enriched more than twofold in mCh + cells with respect to NF cells (ANOVA-adjusted P ≤ 0.05; Dataset S2). The degree of enrichment in mCh + cells and the statistical significance of this enrichment were the foremost criteria. Genes with greater than twofold enrichment in GFP + hair cells with respect to NF cells were eliminated from the list to exclude transcripts enriched in both hair cells and mantle cells, increasing the specificity of our search. Only a single gene enriched in GFP + cells, fndc7, was retained as a candidate owing to its exceptionally high relative expression in mCh + cells (Table 2) . Transcripts encoding likely components of signaling pathways not previously implicated in hair-cell regeneration were also considered of particular interest. Several transcripts previously detected in neuromasts by in situ hybridization, including col17a1b, eya1, sox2, and sox21a, occurred in our narrowed list of mCh + cell-enriched genes, providing evidence that we had successfully captured mantle cells and selected for enriched genes (16, (35) (36) (37) .
Specific Transcripts Are Expressed in Mantle Cells. Sixteen candidate transcripts, each expressed more highly in mCh + /GFP + mantle cells from alpl:mCherry;Et20 larvae than in NF cells, were chosen for confirmation by in situ hybridization (Table 2 and Dataset S2). Consistent with the observation that the fin cells of alpl: mCherry larvae express low levels of mCherry, six of these transcripts, c1qtnf5, ecrg4a (C9H2orf40), hpdb, pah, ptx3b, and ucp1, were found by in situ hybridization to be expressed throughout the medial fin but were not detected in neuromasts. Four other transcripts were expressed in disparate organs and tissues, excluding the fins and neuromasts. However, the six remaining candidates, fat1a, fat1b, fgfr1a, fndc7, robo3, and tspan1, displayed clear expression in neuromasts of the posterior lateral line. Each was expressed most highly in the perimeter of a neuromast, corresponding with the position of mantle cells (Fig. 3A) . However, not all of the expression patterns were identical. Whereas fgfr1a and fndc7 appeared to be distributed uniformly throughout the periphery, fat1b and tspan1 were restricted to subsets of mantle cells. The signal for fat1b predominated in the caudal region of each neuromast, whereas tspan1 was strikingly localized to the rostral region. The detection of differential gene expression in subsets of mCherry-expressing cells highlights the sensitivity of our approach.
As confirmation of the transcripts enriched in mantle cells, we compared candidate-gene expression with the expression of GFP in Et20 transgenic larvae by FISH, followed by immunofluorescence for GFP. Because commercially available mCherry antibodies proved inadequate to detect expression of the transgene, we used Et20 larvae labeled with anti-GFP antibodies rather than alpl:mCherry larvae marked with anti-mCherry antibodies in these experiments. The expression of fat1b was almost entirely coincident with GFP labeling. Although the expression of fat1a and robo3 exhibited partial overlap with that of GFP, a significant portion of both expression domains lay immediately outside or just inside the ring of GFP expression (Fig. 3B) . The nonoverlapping regions of expression might reflect expression of these genes in mCh + cells that do not express GFP in Et20 larvae. Alternatively, some transcripts that are enriched in mCh + cells might also occur in a few adjacent NF cells, such as periderm cells surrounding the neuromast. These transcripts would appear to be present in vanishingly small amounts at the population level if present in only a handful of NF cells.
Mantle Cells Exhibit a Transcriptional Response to Hair-Cell Ablation.
Having characterized the transcriptional profile of mantle cells in the steady state, we examined their response in the first few hours after the elimination of hair cells. Genes that are differentially regulated during this period presage the entry of mantle cells into the cell cycle, and may therefore play important roles in initiating hair-cell regeneration. mCh + cells and NF cells were isolated from alpl:mCherry;pou4f3:GFP larvae 1, 3, 5, and 11 h after hair cells had been extirpated by treating larvae with CuSO 4, which has previously been shown to destroy hair cells without damaging mantle cells (38, 39) . Flow cytometry confirmed that this treatment rapidly eliminated hair cells (Fig. S1B) . Genes that showed up-or down-regulation of greater than twofold in NF cells concurrent with a change in the same direction in mCh + cells were excluded from further analysis, limiting our scope to mantle cell-specific changes in gene expression (Dataset S3).
We identified 8,569 transcripts whose expression either at least doubled or decreased to less than half compared with untreated controls at one or more of the four collection times (ANOVA-adjusted P ≤ 0.05; Dataset S4). To identify trends in the changing gene expression, we subjected the temporal expression patterns of these genes to hierarchical clustering analysis, grouping together genes with similar up-and down-regulation over time. Many genes showed the greatest up-or down-regulation at the 3-h and 5-h collection times but were relatively unchanged in their expression levels relative to controls at 1 h and 11 h (Fig. 4A) . Although not universal among differentially expressed genes, this pattern suggests that transcription in mantle cells changed radically a few hours after hair-cell death but soon reverted to baseline levels.
We selected 10 transcripts for closer examination on the basis of the degree and statistical significance of differential regulation at any time posttreatment with respect to untreated controls. We included representatives of several different temporal expression patterns (Fig. 4A) . Genes whose expression was initially enriched in mantle cells but decreased after hair-cell death were examined along with those showing increased expression, for either transcriptional repression or activation might affect regeneration (40, 41) . For comparison, we included in the resulting heat map the temporal expression patterns of socs3a, socs3b, and stat3, three genes whose expression has been shown to increase in the zebrafish inner ear and lateral line after noise-induced damage (42) (Fig. 4A) . Our results indicated that these genes underwent a transient increase in expression in mantle cells immediately following hair-cell ablation but that their activity subsequently diminished.
We confirmed the microarray results for selected genes by quantitative PCR (qPCR) analyses. The expression level of each gene was examined at the time after CuSO 4 treatment when microarray analysis showed the greatest difference in expression from untreated controls. Thus qPCR analyses for btr04, fat2, klf3, fgfr1a, and prom2 expression were performed at 1 h after CuSO 4 treatment, whereas assays for arpc1a, atg2bl, fndc7, lgals1l, and tspan1 were conducted at 3 h after CuSO 4 treatment. Values were normalized to the expression levels of a set of reference genes and then compared with those of cells from untreated larvae. Six of the 10 genes displayed changes in expression in the same direction as those determined by microarray analysis, although in most cases the magnitude of change was reduced (Table 3) .
To assess the modulation of gene expression visually in mantle cells after hair-cell destruction, we performed in situ hybridization for fndc7 and tspan1 either with or without CuSO 4 treatment. Both genes were expected from the microarray and qPCR results to decrease in expression after CuSO 4 treatment (Fig. 4A and Table 3 ). In situ hybridization 3 h after treatment demonstrated a dramatic reduction, to almost undetectable levels, in the expression of fndc7 and tspan1 in mantle cells (Fig. 4B) . Colabeling for GFP in Et20-positive larvae indicated that mantle cells survived CuSO 4 treatment, verifying that the reduction in fndc7 and tspan1 transcripts did not reflect the loss of the cells that express them.
Discussion
We have used two technical innovations to identify genes whose expression is enriched in putative hair-cell progenitors and characterized the initial transcriptional events preceding the cells' entry into the cell cycle. First, to improve the separation of different cell populations, we used only the dissected skins of larval zebrafish as starting material. We additionally developed the alpl: mCherry transgenic line in which mantle cells are fluorescently labeled more inclusively than in Et20 larvae, the only line described previously with a similar expression pattern. , and tspan1 were assayed 1 h after CuSO 4 treatment, whereas arpc1a, atg2bl, and lgals1l1 were assayed 3 h after exposure. Each value was normalized to that for the reference gene slc25a5 and expressed as a ratio to its own expression under control conditions. Values are given with SEMs. *P < 0.05. these cell types (2, 3) , a result that supports the utility of the lateral line as a model for hair-cell regeneration in the mammalian ear.
All of the transcripts whose enrichment in mantle cells was confirmed by in situ hybridization encode membrane-spanning proteins. It is unclear whether this characteristic reflects an unknown bias in our data collection or analysis, or whether mantle cells preferentially express transmembrane receptors and cell adhesion molecules. High baseline expression of receptor proteins might, for example, underlie the rapid response of mantle cells to signals induced by hair-cell damage. The discovery that fat1a and fat1b are enriched in mantle cells is particularly interesting in light of the established roles of Fat protocadherins in controlling cell proliferation and organ size in Drosophila (43-45) . Fat homologs and their partner, Dachsous, are also integral to cell-polarity determination in vertebrate systems, including the mammalian ear, and might be expected to coordinate cellular processes during regeneration (46) (47) (48) . The possible functions of other receptors enriched in mantle cells are more difficult to predict. For example, Robo3 is generally associated with neuronal growth cones and interacts with Robo receptors to facilitate axonal pathfinding (49) (50) (51) (52) . Although Robo3 also regulates such diverse activities as the migration of cancer cells and the retraction of apical processes in retinal ganglion cells, it remains unclear how it might function in hair-cell progenitors (53, 54) . Still other molecules, such as that encoded by the highly enriched transcript fndc7, have not yet been assigned a specific function in any system and may represent novel pathways.
An unexpected outcome of this work is the observation that certain transcripts, particularly fat1b and tspan1, are restricted to subsets of mantle cells clustered at particular locations within a neuromast. These highly restricted expression domains suggest that mantle cells are subdivided into multiple populations with different transcriptional profiles and perhaps distinct functions. The closely related genes fat1a and fat1b differ in their expression patterns: fat1a transcripts occur uniformly throughout the ring of mantle cells, whereas fat1b transcripts localize predominantly to the posterior-most mantle cells within each neuromast (Fig. 3) . In mammals, only a single Fat1 protein has been identified; the differential distribution of fat1a and fat1b transcripts may signal distinct roles for the two paralogs in zebrafish.
Our methodology allowed the analysis of rapid changes in gene expression by mantle cells. Because we used CuSO 4 to destroy hair cells, we were able to assay transcription within 1 h of hair-cell death. By collecting cells at closely spaced times thereafter, we captured gene-expression differences with higher temporal resolution than that in previous studies of hair-cell regeneration (42, 55) . The importance of high temporal resolution is highlighted by our observation that the most dramatic transcriptional change in mantle cells takes place from 3 h to 5 h after hair-cell death (Fig. 4A) . This period accords with immediate-early transcriptional responses during regeneration in systems ranging from planarian neoblasts to mammalian hepatocytes, pointing to a commonality in the temporal response to tissue damage (56, 57) . As a validation of our approach, we detected increases in the expression of socs3a, socs3b, and stat3 consistent with results following noise-induced damage (42) .
Genes whose expression in progenitor cells responds to haircell death provide a window into how these cells ready themselves for proliferation. For example, the significant up-regulation of genes encoding cytoskeletal regulators such as arpc1a, an Arp2/3 complex component that supports lamellipodium formation, and prom2, which drives filopodial extension, suggests that rearrangements of the actin cytoskeleton precede entry into the cell cycle (58, 59) . The transcript encoding the Fat family protein fat2 is also up-regulated, consistent with the possible involvement of Fat signaling in regeneration. Other up-regulated genes suggest less characterized pathways that could affect neuromast recovery; atg2bl, for example, is a putative mediator of autophagy, a process only recently implicated in stem-cell maintenance and regeneration (60) .
Many transcripts, including those for the fibronectin type III domain-containing protein fndc7 and the tetraspanin family protein tspan1, are down-regulated in mantle cells after CuSO 4 treatment (Fig. 4 A and B and Table 3 ). The down-regulation of genes in mantle cells during regeneration could prove significant: Proteins that inhibit proliferation may need to be cleared in order for regeneration to proceed, whereas those that stimulate proliferation might be negatively regulated to prevent excessive cell division. Understanding the roles of genes down-regulated in mantle cells during regeneration may help us to comprehend and overcome the inability of endogenous progenitors to regenerate the sensory epithelium in mammals.
A concurrent study published in this issue of PNAS (61) provides a complementary view of gene expression in mantle cells with results largely consistent with those reported here. For example, all six of the transcripts that we confirmed by in situ hybridization to be enriched in mantle cells were also identified by these researchers. Furthermore, nine of the 14 genes we found to be differentially regulated after hair-cell death changed expression in the same direction in the accompanying study. The dissimilarities in the lists of transcripts likely reflect differences in the techniques used by the two groups: the other authors ablated hair cells by treating larvae with the antibiotic neomycin as opposed to CuSO 4 . They used the Et20 transgenic line rather than the alpl:mCherry line to sort mantle and supporting cells. Finally, they characterized the transcriptional profile of GFPpositive cells by whole-transcriptome sequencing rather than by microarray analysis. A more detailed comparison of the results can be found in the accompanying paper (61) .
Our study provides a molecular characterization of hair-cell progenitors in the zebrafish lateral line and demonstrates changes in gene expression in anticipation of hair-cell regeneration. In addition to serving as a resource for the research community interested in hair-cell regeneration, these results may encourage the formulation of new hypotheses to explain why nonmammalian vertebrates can readily regenerate hair cells, whereas mammals cannot.
Materials and Methods
Animal Care and Strains. Experiments were conducted in accordance with guidelines set forth by the Rockefeller University's Institutional Animal Care and Use Committee. Zebrafish were kept under standard conditions essentially as described (62) . Embryos were produced by natural pairings and maintained at 28.5°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , and 0.33 mM MgSO 4 ). To eliminate pigmentation for in situ hybridization experiments, 200 μM 1-phenyl-2-thiourea was added. WT larvae were of the Tupfel long-fin strain. The Et20, Tg(−8.0cldnb:lynEGFP)zf106, and Tg(pou4f3:GAP-GFP) transgenic lines have been described (21, 27, 28) . All experiments used larvae at 4 d postfertilization.
Production of the alpl:mCherry Transgenic Line. An enhancer fragment from the alpl gene was amplified by PCR from zebrafish genomic DNA with the primers 5′-AAGGTACCTGCCTCTCCACCTTAAGCTCCTGG-3′ and 5′-AACCCGG-GTTAGGACCCCGGTCACATGGAGC-3′, in which the successive bold-faced sequences indicate KpnI and XmaI recognition sites. The resulting 4.7-kb fragment was cloned into pCR-XL-TOPO (Invitrogen Corp.), digested with KpnI and XmaI, and subcloned into the Tol2kit 5′ entry vector p5E-MCS. The complete plasmid for transgenesis was constructed by recombining the alpl enhancer 5′ entry vector with existing Tol2kit plasmids as described (63) . This construct was injected into single-cell embryos with mRNA encoding the Tol2 transposase, each at 25 ng/μL. Larvae expressing mCherry were raised to adulthood and screened for germ-line transmission of the transgene.
Live Imaging and Cell Counting. Larvae were anesthetized in 600 μM 3-aminobenzoic acid ethyl ester methanesulfonate in E3 medium and mounted in a 35-mm glass-bottomed chamber under 0.8% low-melting-point agarose containing anesthetic. Confocal imaging was performed with an Olympus IX81 microscope equipped with a Fluoview FV1000 laser-scanning system (Olympus America). After Z-stacks had been acquired at 1-μm intervals, either representative slices were selected for display or maximumintensity Z-projections were prepared to demonstrate transgene expression. For mantle-cell counts, alpl:mCherry;Et20 larvae were mounted and imaged as described above. In each of four larvae, the mCh + or GFP + cells were counted in the rostral-most four neuromasts deposited by the first primordium. Cells were considered positive for fluorescence if their overall fluorescence level was approximately equal to that of the brightest cell in the neuromast. The statistical significance of cell counts was determined with a Student's t test. Adjustments for brightness and contrast, Z-projections, stitching of Z-stacks for mosaic images, and image analysis were performed in Fiji (National Institutes of Health).
Cell Preparation and Flow Cytometry. Immediately before dissection, larvae were anesthetized in 600 μM 3-aminobenzoic acid ethyl ester methanesulfonate in Ringer's solution (116 mM NaCl, 2.6 mM KCl, 1.8 mM CaCl 2 , and 5 mM Hepes at pH 7.0). Skins were removed with a pair of fine forceps (Dumont no. 5; Fine Science Tools). Each larva was first positioned in one compartment of a three-well, fluorocarbon-coated slide and punctured with a pair of forceps just rostral to the yolk sac and caudal to the heart. The skin at the incision point was grasped with a second pair of forceps and pulled away from the body at an angle of 45°. In most cases, this technique removed the skin from both sides of the larva in one piece.
Dissected skins were immediately transferred to ice-cold Ringer's solution until dissociation. Approximately 50 skins were dissociated for each flow cytometry experiment, and each analysis was conducted at least four times. To obtain sufficient RNA for amplification, we pooled multiple collections of GFP + hair cells or mCh + /GFP + mantle cells. For experiments in which gene expression was assessed after hair-cell ablation, larvae were placed in 5 μM CuSO 4 for 1 h at 28.5°C and briefly rinsed in three changes of E3 medium. Their skins were then collected 1, 3, 5, or 11 h later. Treatment with similar concentrations of CuSO 4 specifically destroys hair cells but leaves supporting and mantle cells intact (38) .
To dissociate skins for cell sorting, we replaced Ringer's solution with 0.25% trypsin-EDTA (Life Technologies) and incubated samples for 15 min in a water bath at 28.5°C. The samples were then triturated with a P1000 pipet five times or until visibly homogenized. After the trypsin digestion had been quenched with 30% (wt/vol) FBS and 6 mM CaCl 2 in PBS solution, the liberated cells were recovered by centrifugation (400 × g for 5 min at 4°C). The pellet was rinsed once with Ca 2+ -free Ringer's solution containing 0.5 mg/mL DNaseI (Sigma), resedimented by centrifugation, and resuspended in 100 μL of the same solution. The suspension was kept on ice until just before sorting, when it was passed once through a 40-μm filter.
Cells were sorted in a flow cytometer equipped with an 85-μm nozzle and 488-nm and 561-nm lasers (FACSAria II; BD Biosciences). Distinct populations of cells were isolated on the basis of forward scattering, lateral scattering, and the intensity of mCherry or GFP fluorescence. Sorted cells were collected in a lysis-buffer solution (RNeasy Micro Kit; Qiagen) supplemented with 130 mM β-mercaptoethanol and were stored at −80°C until RNA extraction.
RNA Extraction, Amplification, and cDNA Library Preparation. Total RNA was isolated by a standard protocol (RNeasy Micro Kit; Qiagen). The yield and quality of the product were measured with a spectrophotometer (NanoDrop 1000; NanoDrop Technologies) and a bioanalyzer (Agilent 2100), respectively. Only samples with an RNA integrity score greater than 8.0 were selected for the preparation of cDNA libraries. One nanogram of total RNA from each sample was amplified to several micrograms of cDNA (Pico WTA System V2; NuGEN, Inc.), which was labeled with biotin (Encore Biotin Module; NuGEN, Inc.). The cDNA libraries were assayed for concentration and fragment size with the spectrophotometer and bioanalyzer before and after biotin labeling.
Microarrays and Data Analysis. To assess relative gene expression we used gene chips (Zebrafish Gene 1.0 ST Arrays; Affymetrix) bearing oligonucleotide probes representing more than 59,000 putative transcripts. Because many probes had not been assigned to specific genes or transcripts, we annotated as many as possible using the Ensembl (www.ensembl.org) and National Center for Biotechnology Information Nucleotide (www.ncbi.nlm.nih.gov/ nucleotide/) public databases. Biotin-labeled cDNA from each sample was hybridized according to standard protocols. We have deposited the raw microarray data in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo).
The data were first transformed using robust multiarray average normalization (Genomics Suite; Partek). Principal-components analysis was used to identify and discard outliers within each experimental group. At least three independent experiments contributed to each result presented. Because experiments were not always performed or microarrays scanned on the same day, we adjusted all data for batch effects. The statistical significance of differences in gene expression between sample types was evaluated by ANOVA followed by false-discovery-rate control through the BenjaminiHochberg procedure. Only genes whose changes in expression demonstrated a controlled P < 0.05 were considered for further analysis, including ontological classification. We assessed hierarchical clustering of differential-expression profiles after hair-cell ablation by unsupervised Euclidean similarity. Only genes whose expression in mCh + cells changed at least twofold at one or more times after CuSO 4 treatment were included in this analysis.
Whole-Mount in Situ Hybridization and Imaging. Fragments of the c1qtnf5, ecrg4a, fgfr1a, fndc7, gsg1l, mtssl1a, phex, ptx3b, tspan1, and ucp1 genes were amplified by PCRs from dissected-skin cDNA. Amplicons were cloned into the pCRII-TOPO vector (Dual-Promoter TOPO TA Cloning Kit; Invitrogen Corp.). Plasmids containing fragments of angpt2, fat1a, fat1b, and robo3 were gifts, and those containing hpdb and pah fragments were purchased from commercial suppliers. Primer sequences for cDNA amplification, as well as the sources of externally obtained constructs, are detailed in Table S1 . Plasmids were linearized by restriction digestion and purified by phenolchloroform extraction and ethanol precipitation. About 0.5 μg of linearized DNA template served as the starting material for the synthesis of each sense and antisense riboprobe (SP6/T7 DIG RNA labeling kit; Roche Applied Science). Probe integrity was confirmed by agarose-gel electrophoresis before use.
In situ hybridization was performed according to published protocols (62, 64) with a slight modification to preserve tissue structure: the enzymatic digestion of larvae was reduced to 17 min at room temperature in 2 μg/mL proteinase K. For each antisense riboprobe hybridization, sense probe hybridization was carried out simultaneously as a negative control. Preparation of larvae and hybridization were conducted as above for sequential in situ hybridization and immunofluorescent labeling. These larvae were developed with fluorescent Fast Red substrate as opposed to a conventional chromogenic substrate. After labeling, larvae were rinsed four times in PBS with 0.1% Tween-20, reblocked, and incubated overnight at 4°C in a 1:500 dilution of purified rabbit anti-GFP antiserum (Torrey Pines Biolabs, Inc.). The secondary antiserum for fluorescent labeling was Alexa Fluor 488 goat antirabbit IgG diluted 1:500, and larvae were counterstained with DAPI to label nuclei.
For low-magnification, whole-animal imaging, larvae were mounted in 70% glycerol and 30% PBS. These specimens were imaged with an Olympus DP71 camera mounted on an Olympus SZX7 dissecting microscope. For highermagnification and fluorescence imaging, larvae were mounted in Vectashield (Vector Laboratories, Inc.). In most cases, the head and yolk were removed to facilitate mounting. Confocal imaging was performed with an Olympus IX81 microscope and Fluoview FV1000 laser-scanning system. Conventionallystained samples were imaged in confocal differential-interference-contrast mode with a 488-nm laser, whereas combined in situ hybridization-and immunofluorescence-labeled samples were imaged for fluorescence with 405-nm, 488-nm, and 561-nm lasers. All image processing was performed in Fiji (National Institutes of Health).
qRT-PCR Analysis. The NormFinder application was used to select optimal reference genes for our experiments, β-actin2, ef1α, and slc25a5, from a panel curated from the literature (65) (66) (67) . Most of the primers for qPCR analyses were designed with the online tool National Center for Biotechnology Information Primer-BLAST (www.ncbi.nlm.nih.gov/tools/primer-blast). Those targeting β-actin1 and ef1α were taken from published sequences (67) . The sequences for all primers used in qPCR analyses can be found in Table S2 . Each primer set was tested for amplification efficiency before use. The amplified cDNA libraries used for microarray hybridization provided templates for qPCR; ∼7.5 ng of cDNA was used per reaction. The data in Table 3 represent the results of at least three analyses, each of which was replicated once. The qPCR analyses were performed on an Applied Biosystems 7900HT Sequence Detection System with FastStart Universal SYBR Green Master mix (Roche Applied Science). Statistical analysis was carried out with a custom-written Python script. pou4f3:GFP larvae, and purple dots represent mCh + /GFP + samples from alpl:mCherry;Et20 larvae. Clustering of dots of the same color indicates that there is less variance between samples of the same character than between distinct samples. The two greatest principal components account for 32% of the variance between samples. 
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